ABSTRACT In total, 1,000 Ixodes ricinus L. ticks were collected from a small recreational forest area in central Germany (Thuringia) and investigated for the presence of Borrelia spp., Babesia spp., Anaplasma spp., Rickettsia spp., Coxiella burnetii, and Francisella tularensis. Overall, 43.6% of the ticks were infected with at least one pathogen. In 8.4% of ticks double infections were detected, and 1.6% harbored more than two pathogens. In this study, we present data on the coexistence of established and emerging pathogens in questing nymphs and adult ticks in a recreational area in central Germany, indicating the need for further studies for a reliable risk assessment.
Ixodes ricinus L. is the most abundant tick species in Germany and the main vector of Lyme borreliosis spirochaetes in central Europe (Stanek 2009 ). To date, 19 species of Borrelia burgdorferi s.l. complex have been discovered, including at least seven human pathogenic species (Rudenko et al. 2011) . Reservoir hosts are mainly small rodents and ground-foraging birds (Humair et al. 1998 (Humair et al. , 1999 . In the area of investigation, the proportion of infected ticks was previously determined to be 27.0% (Hildebrandt et al. 2010a) .
More than thirty cases of human babesiosis have been reported in Europe since the 1950s, mainly caused by the cattle parasite Babesia divergens. Many of those cases involved the steadily growing population of immunocompromised patients, or individuals with hematological malignancies (Hunfeld et al. 2008) . Cattle are the main reservoirs for B. divergens. Babesia microti is frequently found in microtine rodents (Gray et al. 2010 ). In our investigations in Thuringia, we found Babesia spp. infections in 5.0% of ticks (Hildebrandt et al. 2010a) .
Anaplasma phagocytophilum is the infectious agent of human granulocytic anaplasmosis (HGA). To date, Ϸ70 cases of HGA have been reported in Europe, the majority were detected in central Europe. Sheep, deer, and rodents have been discussed as reservoir hosts for this pathogen (Parola et al. 2005a ). We detected this pathogen in 5.4% of the ticks in Thuringia (Hildebrandt et al. 2010b ).
The genus Rickettsia was traditionally classiÞed in the conventionally well deÞned typhus group (TG) and the spotted fever group (SFG), based mainly on phenotypic and serological features. At least 15 of the 30 spotted fever group rickettsiae described so far are known to be pathogenic for humans. Because efÞcient transovarial transmission of SFG-rickettsiae from female ticks to larvae has been described for several species, the tick vector also can be regarded as reservoir host. Some rodent species develop a strong rickettsemia that might allow transmission to parasitizing ticks (Parola et al. 2005b ). In the investigated area, the detected prevalence was 14.7% (Hildebrandt et al. 2010b) .
Coxiella burnetii is the causative agent of Q-fever. Its reservoir spectrum is extensive but only partially known, including mammals, birds, and arthropods, mainly Ͼ40 tick species worldwide. In central Europe, the sheep tick Dermacentor marginatus (Sulzer) is known to act as vector of this agent (Liebisch 1977) . Q-fever is a notiÞable disease in western Germany from 1962 and in eastern Germany from 1979 onward (Hellenbrand et al. 2001 ). Sporadic human cases or outbreaks occur regularly in some regions of Germany, e.g., in Jena (Thuringia), Gö ppingen (Baden Wü rttemberg), and Aschaffenburg (Bavaria) (RKI 2010) . Ticks act as vector and reservoir of C. burnetii in nature, because they transmit the agent not only horizontally via bite or in feces but also vertically, i.e., transstadially and transovarially (Maurin and Raoult 1999) . Little information exists regarding the prevalence of C. burnetii in I. ricinus in European countries. In the investigation area, 1.9% of I. ricinus ticks have been reported to be infected with Q-fever agents (Hildebrandt et al. 2010c) .
Francisella tularensis can infect humans in different ways, including transmission by arthropod bites. In Europe, mosquitoes and ticks are the main arthropod vectors, whereas lagomorphs, e.g., hares and wild rabbits, but also rodents are important reservoirs (Hubálek and Halouzka 1997) Wicki et al. 2000 , Milutinovič et al. 2008 , Stanek 2009 , Franke et al. 2010 .
To date, only a few studies reported on a broad range of coinfections in ticks (Halos et al. 2010 , Reis et al. 2010 , Reye et al. 2010 . Increased outdoor recreational activities and the possibility for pathogens to be transmitted simultaneously to humans (Swanson et al. 2006 ) emphasize the need for risk assessment in exposed populations. This study was carried out to gain insight into coinfections of I. ricinus with established and emerging pathogens in a frequently visited forest area in central Germany to identify the potential risk of coinfections in humans after tick infestation.
Materials and Methods
Tick Sampling. The investigation area "Zeitzgrund" located in eastern Thuringia, is Ϸ7 ha and consists of brush-wood, foliage, and grassland along a small stream "Zeitzbach." The landscape conservation area including the area of investigation is frequently used for hiking, jogging and biking. In total, 1,000 ticks were collected during 2006 (MayÐOctober) and 2007 (AprilÐSeptember) by blanket-dragging. Unfed larvae were rarely found and therefore not included in the study. After collection, the tick species I. ricinus and developmental stage were identiÞed using a standard key for morphological identiÞcation (Hillyard 1996) . DNA Extraction And Polymerase Chain Reaction (PCR). DNA extraction was carried out using the High Pure PCR template preparation kit (Roche Diagnostics, Mannheim, Germany). Conventional PCR protocols were performed using the following speciÞc targets: Borrelia spp. Species Identification. To identify Borrelia OspA types, all positive amplicons were digested separately with the restriction enzymes Kpn2I, BglII, SspI, HindIII, XbaI (MBI Fermentas, Lithuania) and SfuI (Roche Diagnostics) according to Lenčáková et al. (2006) . All positive Rickettsia spp. amplicons were digested with SspI (MBI Fermentas) to conÞrm species speciÞcity. Babesia spp.-and Anaplasma spp.-positive PCR fragments but also amplicons that could not be identiÞed by restriction fragment length polymorphism were sequenced. For sequencing, PCR products were puriÞed with the Agarose gel extraction kit (Jena Bioscience, Jena, Germany); sequenced, following a standard protocol (DYEnamic ET terminator cycle sequencing kit, GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) and compared with reference strains from the National Center for Biotechnology Information database (http://blast. ncbi.nlm.nih.gov/Blast).
Statistical Analysis. Statistical analyses were performed using the chi-square test and FisherÕs exact test at a P level of 0.05. (Table 1) . Overall, 43.6% of the ticks were infected with at least one pathogen. Adult ticks (51.4%, 293/570) were more frequently infected than nymphs (33.3%, 143/430). The difference was statistically signiÞcant in Borrelia spp., Rickettsia spp., and Babesia spp. (P Ͻ 0.0001) infections and not signiÞcant in A. phagocytophilumand C. burnetii-positive ticks (P Ͼ 0.05). An overview of single infections is given in Table 1 .
Results

Pathogen
F. tularensis was not detected in any of the 1,000 samples analyzed. Two initially positive samples with CT values Ͼ35 were repetitively retested, also using a second aliquot of the tick DNA preparation; but all tests gave negative results.
Mixed Infections. Mixed infections were found in 10.0% (100/1,000) of the ticks. Altogether, signiÞ-cantly more adult ticks (13.2%, 75/570) were coinfected than nymphs (5.8%, 25/430; P Ͻ 0.0001). Double infections were detected in 84 ticks (21 nymphs, 63 adults), triple infections in 15 ticks (four nymphs, 11 adults), and in one adult female four pathogens were present (B. burgdorferi, B. garinii, R. helvetica, B. microti; Supp. Fig. S1 [online only]). A variety of different pathogen combinations was observed, and some combinations, e.g., coinfections with C. burnetii, were described for the Þrst time in I. ricinus ticks garinii, OspA types 3, 5, 6, and 7 were identiÞed in mixed infections with a predominance of type 6 (20/ 41), which also was predominant in single Borrelia spp. infections. In 14 ticks (six adults, eight nymphs) mixed infections with several Borrelia species were found (Hildebrandt et al. 2010a) .
The majority of babesial coinfections (90.3%, 28/ 31) was detected in adult ticks. B. microti (18/31) was more frequently found in multiple infected ticks than B. divergens (12/31; Supp. Fig. S1 ).
Discussion
The percentages of single Borrelia spp., Babesia spp., Rickettsia spp., A. phagocytophilum spp., and C. burnetii infections have already been discussed in recent publications (Hildebrandt et al. 2010a,b,c) . Two initial weak positive signals of F. tularensis in the speciÞc real-time PCR might be caused by the presence of Francisella-like endosymbionts in the analyzed ticks which are known to show cross-reactivity with F. tularensis (Sré ter-Lancz et al. 2009 ). Occasional records of F. tularensis in questing ticks have been reported from Austria (Stanek 2009 ), Switzerland (Wicki et al. 2000) , Serbia (Milutinovič et al. 2008) , and former Czechoslovakia (Hubálek and Halouzka 1997). Recently, we detected the pathogen in 1.6% of questing, 1.2% of bird-feeding and 1.5% of rodent-feeding I. ricinus ticks for the Þrst time in Germany (Franke et al. 2010) .
Our data revealed that from 29.6% (Borrelia spp.) to 62.0% (Babesia spp.) of each detected pathogen were accompanied by at least one other agent. It is well known, that coinfections with different tick-borne pathogens often lead to more severe clinical outcomes as well as diagnostic and therapeutic difÞculties, particularly in Lyme disease patients (Swanson et al. 2006) . Overall, there exists only sparse information about a broad range of mixed infections in free-living ticks. Surprisingly, in our study approximately one third of all Rickettsia spp.-infected ticks were coinfected with at least one Borrelia species. In a recent study from France, the most frequent combination in adult ticks was Borrelia spp. and A. phagocytophilum (4.8%, Reis et al. 2010) . The prevalence of this mixture ranged from 4.9 to 16.7% in Serbia and Poland (Skotarczak et al. 2003 , Stań czak et al. 2004 , Milutinovič et al. 2008 . The proportion of Borrelia spp.ÐBabesia spp.-coinfected questing I. ricinus ticks ranges up to 0.6% in Europe (Skotarczak et al. 2002 , Piccolin et al. 2006 , which is within the range of our Þndings (1.6%). A. phagocytophilumÐBabesia spp. infections were detected in 2.0% of ticks in Poland (Stań czak et al. 2004 ), whereas we found this combination only in 0.2% of analyzed samples. Differences in the prevalence of various combinations of coinfections in questing ticks are predicated on the abundance of pathogen speciÞc reservoir hosts in the respective areas. Babesia spp. coinfections with Borrelia spp. and A. phagocytophilum are nearly all referring to B. microti, whereas there are no available data on the prevalence of B. divergens in coinfections (Skotarczak et al. 2002 , Stań czak et al. 2004 . The triple infection Borrelia spp.ÐA. phagocytophilumÐB. microti was detected for the Þrst time in Poland (Skotarczak et al. 2003) . Other combinations with more than two pathogens are only sporadically described (Reye et al. 2010) . Our results are comparable with these Þndings. Furthermore we provide Þrst data on a broad range of coinfections with C. burnetii in I. ricinus ticks.
We identiÞed a multitude of Borrelia genospecies but also B. microti, B. divergens, A. phagocytophilum, several Rickettsia spp., and C. burnetii in coinfected I. ricinus ticks. The majority of these coinfections (75.0%) occurred in unfed adult ticks that have fed twice so that we cannot reconstruct whether mixed infections were acquired from the same host or from separate blood meals. Interestingly, 31 unfed nymphsÑthey have only fed once before as larvaeÑwere coinfected with two different pathogens; four unfed nymphs even harbored three pathogens. It can be assumed that unfed nymphs got coinfected during their bloodmeal as larvae on reservoir hosts with multiple infections. In case of infection with Babesia divergens, Rickettsia spp. and C. burnetii, possibility of transovarial transmission should be taken into consideration.
Because various reservoir hosts are described for the investigated pathogens, further studies are needed focusing on the role of different tick hosts and pathogen reservoirs to Þll the gap in knowledge about interaction of transmission cycles. Recently, we identiÞed birds as pivotal element for the conjunction of transmission cycles of different tick-borne pathogens (Franke et al. 2010) . The predomination of bird-associated Borrelia spp. (B. garinii and B. valaisiana) in coinfected ticks supports these Þndings.
The risk of a tick-borne disease being transmitted to humans or animals is closely linked to the prevalence of pathogens in ticks seeking for hosts. Systematic large-scale surveys on the coexistence of several tickborne pathogens and accompanied development of reliable diagnostic tools are indispensable for the re- 
